Spontaneous action potentials in the suprachiasmatic nucleus (SCN) are necessary for normal circadian timing of behavior in mammals. The SCN exhibits a daily oscillation in spontaneous firing rate (SFR), but the ionic conductances controlling SFR and the relationship of SFR to subsequent circadian behavioral rhythms are not understood. We show that daily expression of the large conductance Ca 21 -activated K 1 channel (BK) in the SCN is controlled by the intrinsic circadian clock. BK channel-null mice (Kcnma1 -/-) have increased SFRs in SCN neurons selectively at night and weak circadian amplitudes in multiple behaviors timed by the SCN. Kcnma1 -/-mice show normal expression of clock genes such as Arntl (Bmal1), indicating a role for BK channels in SCN pacemaker output, rather than in intrinsic time-keeping. Our findings implicate BK channels as important regulators of the SFR and suggest that the SCN pacemaker governs the expression of circadian behavioral rhythms through SFR modulation.
Spontaneous action potentials in the suprachiasmatic nucleus (SCN) are necessary for normal circadian timing of behavior in mammals. The SCN exhibits a daily oscillation in spontaneous firing rate (SFR), but the ionic conductances controlling SFR and the relationship of SFR to subsequent circadian behavioral rhythms are not understood. We show that daily expression of the large conductance Ca 21 -activated K 1 channel (BK) in the SCN is controlled by the intrinsic circadian clock. BK channel-null mice (Kcnma1 -/-) have increased SFRs in SCN neurons selectively at night and weak circadian amplitudes in multiple behaviors timed by the SCN. Kcnma1 -/-mice show normal expression of clock genes such as Arntl (Bmal1), indicating a role for BK channels in SCN pacemaker output, rather than in intrinsic time-keeping. Our findings implicate BK channels as important regulators of the SFR and suggest that the SCN pacemaker governs the expression of circadian behavioral rhythms through SFR modulation.
Many physiological processes are regulated over the day-night cycle, and the circadian system has proven amenable for studying the effect of single gene mutations on physiology and behavior, even in complex mammalian systems. A number of strong mutant circadian phenotypes have been identified by forward and reverse genetics, ranging from changes in period length to complete arrhythmicity of the pacemaker and behavioral outputs 1 . Most of these mutations affect the function of the core clock mechanism, a cell-autonomous transcriptional network driven by interactions between positive and negative feedback loops of the activators CLOCK and BMAL1 and the repressors PER1-3, CRY1-2 and REV-ERBa (refs. 2,3) . Recent evidence suggests that this molecular clock directly or indirectly controls the expression of transcripts involved in the generation of rhythmic cellular processes and output behaviors 4, 5 .
In mammals, lesion and transplantation studies have localized the circadian clock to the suprachiasmatic nucleus (SCN) of the hypothalamus [6] [7] [8] . The SCN has a number of rhythmic outputs, which are conveyed to downstream target organs for regulation of behaviors such as feeding, mating, activity and sleep 9 . Information about the environmental light-dark cycle is transmitted directly to the SCN pacemaker through the retinohypothalamic tract, but rhythmic outputs of the SCN persist even in the absence of light cues. In constant darkness, the SCN maintains an B24-h rhythm in gene transcription 4 , spontaneous action potential firing rate (SFR) [10] [11] [12] [13] [14] , Ca 2+ oscillations 15 and neuropeptide secretion 16, 17 . However, the mechanisms generating these rhythmic SCN outputs and their translation into downstream behaviors are not well understood.
One such rhythmic SCN output, spontaneous action potential activity, is an important regulator of behavioral rhythms. Suppression of SCN action potentials by tetrodotoxin causes arrhythmicity of circadian outputs 18, 19 . SCN neurons in vivo fire spontaneous action potentials in a time-dependent manner 10 . In dissociated cells in culture, about 50% of SCN neurons show circadian SFR oscillations, although their phases are not synchronized 20 . However, in acutely isolated slices where synaptic connectivity is preserved, the average SFR of SCN neurons is loosely synchronized, peaking at B8 spikes per s in the middle of the subjective day and dropping to o2.5 spikes per s during the night [11] [12] [13] [14] . Recent evidence suggests that this synchronization of SCN neuronal activity is important for the expression of behavioral rhythms 21 .
Potassium (K + ) channels have been proposed as key regulators of the intrinsic circadian variation in excitability and SFR in mammalian SCN neurons 22 . A fast, delayed-rectifier K + current has been identified that modulates SFR during the day 23 . However, a greater proportion of K + channels are active in SCN neurons at night, correlating with hyperpolarized membrane potentials and reduced input resistance 24, 25 . The molecular identity of these night currents are currently unknown, but Kcnma1, a rhythmically expressed transcript in the SCN encoding the large conductance Ca 2+ -activated K + channel (BK), is highly expressed during the subjective night 4 , when SFR is low. The identification of an ion channel whose transcription oscillates over the circadian cycle suggests a link between the molecular clock transcription pathways and SCN electrical output.
In this study, we provide evidence for an essential role for BK channels in circadian function. Deletion of Kcnma1 abolishes the low SFR at night in SCN neurons and degrades circadian behavioral rhythms by altering pacemaker output.
RESULTS

Expression of BK channels over the circadian cycle
SCNs were harvested at 4-h intervals from wild-type mice entrained to a standard 12:12 h light-dark cycle. BK channels were clearly upregulated at night (Fig. 1a,b) . Wild-type mice maintained in constant darkness also demonstrated a circadian peak in BK expression at 20 h, consistent with Kcnma1 transcript rhythmicity 4 . These results show that BK expression in the SCN is intrinsically regulated, as light is not required for protein rhythmicity. To test this further, we examined BK expression in a mouse mutation of the core clock gene Per2 (ref. 26) . Per2 mice had a shorter (B22 h) circadian period in constant darkness before becoming arrhythmic. In SCNs from Per2 mice housed in constant darkness for 5 d, the peak of BK expression was consequently shifted earlier, to 16 h (Fig. 1b) . These data suggest that molecular clock transcription pathways direct SCN excitability through the daily regulation of BK channel expression.
The SCN consists of bilaterally symmetric nuclei in the ventral hypothalamus, adjacent to the third ventricle. Coronal brain slices showed the highest anti-BK immunoreactivity on cell membranes in the SCN (Fig. 1c) . Although neurons in the SCN are heterogenous with respect to neurotransmitter identity, firing properties and intrinsic rhythmicity 20, [27] [28] [29] , BK channels were uniformly expressed. At night (20 h), BK protein was expressed across the dorsal-ventral and rostralcaudal axes of the SCN. Adjacent hypothalamic nuclei receiving efferent projections from the SCN, as well as afferents conveying direct photic input via the retinohypothalamic tract, did not show appreciable BK staining. The paucity of staining in the surrounding hypothalamus indicated that the daily rhythm in protein levels on western blots was derived from BK channels in the SCN, as no additional hypothalamic regions began to express BK channels at 20 h versus 6 h. Accordingly, BK staining was more intense throughout the SCN at 20 h (Fig. 1c) . High magnification images suggested that the augmented expression resulted from individual SCN neurons expressing greater levels of BK channels at 20 h compared to 6 h.
Circadian behaviors are less robust in Kcnma1 -/-mice The rhythmicity of BK protein in the SCN suggests that these channels have an important role in circadian function. To reveal such a role, we examined the behavioral consequences of deleting Kcnma1 (Kcnma1 -/-), the gene that encodes the pore-forming subunit of the BK channel. Kcnma1 -/-mice were previously generated by targeted mutation and were shown to lack BK currents 30 . We found that these mice showed normal gross neurological function and development (data not shown). Normal SCN and hypothalamus morphology was revealed by the neuronal marker neurofilament 200 (Fig. 1d) . BK immunoreactivity was completely absent from Kcnma1 -/-SCN sections ( Fig. 1d) and from total soluble protein fractions on western blots (data not shown).
Circadian behavior was assessed in wild-type and Kcnma1 -/-littermates by locomotor activity, which reflects the characteristics of pacemaker function, such as the circadian period and the amplitude of activity rhythms 31 . Wheel-running rhythms were recorded as activity counts per time (actograms). Wild-type and Kcnma1 -/-mice entrained normally to a standard light-dark cycle, showing consolidated locomotor activity at night ( Fig. 2a,b ; Table 1 ). To test the function of the intrinsic pacemaker, mice were placed in constant darkness. Using w 2 statistical analysis 32 , we found a dominant circadian periodicity in the distribution of both wild-type and Kcnma1 -/-wheel-running activity (Fig. 2c,d ). The average period length (t) in Kcnma1 -/-mice was B10 min longer than that in the wild type ( Table 1 ; P ¼ 0.02). Circadian amplitude, the relative power of the dominant circadian component of a Fourier transform of the activity data (0.040-0.042 cycles per h), quantifies the robustness of this rhythmicity. On both an entrained light-dark cycle and under free-running conditions (constant darkness), the circadian amplitude of locomotor activity in Kcnma1 -/-mice was decreased compared to that in wild-type mice ( Fig. 2e,f ; Table 1 ). We conclude from these data that BK channels are important for the robustness of circadian wheel-running activity.
Kcnma1 -/-mice have altered pacemaker function Circadian rhythms are generated by three basic components-input pathways to the pacemaker that mediate entrainment to exogenous cues; the pacemaker, which generates the circadian rhythm; and the pacemaker output, which conveys clock parameters to circadianly regulated behaviors 1 . Kcnma1 -/-mice showed less overall wheelrunning activity in both light-dark and constant darkness conditions than wild-type littermates ( Fig. 2g ; Table 1 ). Given that BK channels are necessary for normal coordinated locomotor function and that Kcnma1 -/-mice are ataxic 30, 33 , we measured home-cage activity, a behavior that is less reliant on coordinated locomotion. Using motion sensors, we recorded cage activity ( Fig. 3 ) and found that Kcnma1 -/-mice were, in fact, hyperactive, exhibiting increases of 74% and 59% in light-dark and constant darkness, respectively, compared to wild-type mice (FVB/NJ, Fig. 3e and Table 1 ; light-dark, P ¼ 0.02; constant darkness, P ¼ 0.01). However, this hyperactivity seemed to be strain sensitive, as C57BL/6J Kcnma1 -/-mice did not demonstrate different Data are presented as mean ± s.e.m. *P o 0.05 between genotypes. LD, light-dark; DD, constant darkness; t, period length; rPSD, relative power spectral density amplitude; +6L, 6-h advance of the light-dark cycle; a, length of daily consolidated activity; CT16, light pulse 4-h into subjective night.
average daily counts for home-cage activity ( Table 1 ; light-dark, P ¼ 0.52; constant darkness, P ¼ 0.26). Because Kcnma1 -/-mice did not show diminished home-cage locomotor activity, we further examined the circadian rhythmicity of this behavior in both strain backgrounds. Home-cage activity was also entrainable to a light-dark cycle. Wildtype and Kcnma1 -/-mice made most of their movements in the dark period (70% and 79% of the total daily activity, respectively; FVB/NJ, Fig. 3a,b and Table 1 ). Unlike the results from wheel running, the average circadian amplitude in light-dark was not different between genotypes ( Table 1 ; P ¼ 0.56). Nevertheless, home-cage rhythms in constant darkness were degraded in the same manner as wheel-running rhythms. We found that 0 of 12 wild-type and 1 of 10 Kcnma1 -/-mice were arrhythmic, as determined by w 2 periodogram analysis. Mice of both genotypes showed a dominant circadian rhythm with similar period lengths ( Table 1 ; P ¼ 0.46), although t was slightly longer in Kcnma1 -/-mice on other strain backgrounds. The major difference between Kcnma1 -/-and wild-type mice was an 88% reduction in the circadian amplitude of activity in constant darkness (Fig. 3c,d and Table 1 ; P ¼ 10(6). Despite the fact that FVB/NJ Kcnma1 -/-mice were hyperactive, nonhyperactive C57BL/6J mutants showed the same circadian phenotype ( Table 1 ). In addition, actogram plots revealed an expansion of the active period in Kcnma1 -/-mice. This was reflected as an increase in activity bouts per day (Fig. 3e) and an increase in a, a metric quantifying the length of daily consolidated activity (Fig. 3a,b and Table 1 ; P ¼ 10 À3 . Taken together, alterations in the amplitude of home-cage activity and the expansion of the active period suggest that pacemaker function is altered.
To further localize the circadian defect, we performed additional behavioral manipulations to test the input to the pacemaker. If BK channels were involved in photic input to the clock, responses to light would be disrupted in Kcnma1 -/-mice. However, a 6-h advance of the light-dark cycle resulted in a similar number of days to re-entrainment (Fig. 4a,b and Table 1 ; FVB/NJ, P ¼ 0.30; C57BL/6J, P ¼ 0.70). Phase response curves were not determined in Kcnma1 -/-mice because only a small number of these mice had clean activity onsets suitable for light pulsing. However, light pulses did result in average phase delays in both wild-type and Kcnma1 -/-mice (Fig. 4c,d and Table 1 ; FVB/NJ, P ¼ 0.30; C57BL/6J, P ¼ 0.28). On the basis of these results, as well as the lack of BK expression in the retinohypothalamic tract, we rule out a role for BK channels in conveying light input to the pacemaker.
Mutations that alter the function of the intrinsic pacemaker affect the rhythmicity of multiple downstream physiological pathways, including locomotor activity, core body temperature (T core ) and spontaneous action potential activity in the SCN. We investigated T core using telemetry. Both wild-type and Kcnma1 -/-mice had rhythmic T core oscillations in constant darkness ( Fig. 5a,b ; wild-type range: 3.94 ± 0.17 1C, n ¼ 7; Kcnma1 -/-: 4.66 ± 0.40 1C, n ¼ 9; P ¼ 0.11). The average T core was similar in mice of both genotypes (wild-type: 36.73 ± 0.37 1C, n ¼ 7; Kcnma1 -/-: 36.77 ± 0.39 1C, n ¼ 6; P 4 0.05), indicating that the loss of BK channels did not alter the homeostatic regulation of body temperature. Spectral separation of the T core components allowed us to isolate the circadian periodicity (23-25 h) from the noncircadian T core fluctuations associated with cage activity (o3 h). Although the circadian period of the temperature oscillation was intact ( Table 1 Table 1 .
Kcnma1 -/-mice showed a 66% decrease in T core circadian amplitude compared to wild-type mice (Fig 5c,d and Table 1 ; P ¼ 0.01). Although activity and temperature influence each other, these outputs rely on separate pathways downstream of the pacemaker. T core is ultimately regulated by the autonomic nervous system, and the poor wheel running of Kcnma1 -/-mice reveals the dependence of this output pathway on the cerebellum (A.L.M. and R.W.A., unpublished data; and ref. 33) . In summary, the three behaviors relying ultimately on different behavioral pathways downstream of the pacemaker-namely, wheel running, home-cage activity and core body temperature-all demonstrated a reduction in the robustness of circadian rhythmicity in Kcnma1 -/-mice compared to wild-type mice. We conclude that loss of BK channels affects the function of the pacemaker, rather than the input or behavior-specific pathways, resulting in decreased circadian behavioral amplitude.
Electrical activity is altered in Kcnma1 -/-SCN neurons Circadian pacemaker function relies on action potentials in the SCN for the expression of downstream behavioral rhythms 18 . SCN neurons show a synchronous daily rhythm in SFR in hypothalamic slices, where the population average reflects the SFR rhythms in individual neurons [11] [12] [13] [14] . We used single-unit extracellular recordings to determine the SFR of SCN neurons during the daytime activity peak or at night (Fig. 6a,b) . Because BK channels were not restricted to any subregion of the SCN (Fig. 1c) , SFRs from the entire nucleus were sampled. Acute slices prepared from the brains of wild-type and Kcnma1 -/-mice both exhibited a range of SFR frequencies (Fig. 6c,d ; wild-type: 1.0-23.1 Hz; Kcnma1 -/-: 0.8-18.2 Hz). There was no significant difference between mice from the two genotypes in the average SFRs at the daytime activity peak ( Fig. 6d ; wild-type: 8.0 ± 0.7 Hz, n ¼ 58 neurons, 6 slices; Kcnma1 -/-: 8.6 ± 0.6 Hz, n ¼ 51 neurons, 4 slices; P ¼ 0.91). At night, neurons from both wild-type and Kcnma1 -/-mice had decreased SFRs compared to those at their respective daytime peaks ( Fig. 6d ; day versus night: wild-type P ¼ 10 À19 , Kcnma1 -/-P ¼ 10 À4 ), demonstrating that both genotypes express a circadian variation in the population averages of SFRs.
Although neurons from Kcnma1 -/-mice seemed to maintain a daily oscillation in SFR, the amplitude was altered. Notably, the night-time average SFR of Kcnma1 -/-neurons was 2.5 times higher than wild type ( Fig. 6d ; wild-type: 2.5 ± 0.2, n ¼ 111 neurons, 5 slices; Kcnma1 -/-: 6.4 ± 0.3, n ¼ 110 neurons, 4 slices; P ¼ 10 À12 ). The entire range of SFRs recorded from neurons in Kcnma1 -/-mice was shifted higher, suggesting that the loss of BK channels affects most neurons in the population rather than a specific subset. We also found fewer detectable spontaneously firing neurons in the SCNs of wild-type mice at night than in the SCNs of Kcnma1 -/-mice. Thus in the absence of BK channels, SCN neurons show increased activity at night and a subsequent alteration of the daily SFR rhythm. In Kcnma1 -/-mice, the aberrant amplitude of SFR rhythms in the SCN may be the basis for the change in pacemaker function. Core clock transcript expression in Kcnma1 -/-hypothalamus Alteration of the SFR may modify signaling pathways within the SCN and/or from the SCN to downstream nuclei in the brain. These changes could be reflected as differences in gene expression in the hypothalamus of Kcnma1 -/-versus wild-type mice. We therefore examined whether the loss of BK channels resulted in altered transcript levels in the SCN and surrounding hypothalamic nuclei, using microarray analysis of gene expression. Blocks of ventral hypothalamus containing the SCN were harvested from wild-type and Kcnma1 -/-mice, in both light-dark and constant darkness conditions, at 20 h-the time of peak BK protein expression in wild-type mice in both conditions. Expression levels for each of the 45,100 transcripts on the array are reported in the Methods section.
The levels of all transcripts were compared in light-dark and constant darkness conditions (Fig. 7a,b) . In both conditions, the expression profiles were nearly identical (wild-type versus Kcnma1 -/-, r 2 ¼ 0.99 for light-dark, r 2 ¼ 0.98 for constant darkness). We concluded that deletion of BK channels has little systematic effect on gene expression. Furthermore, no broad transcriptional differences were revealed between light-dark versus constant darkness conditions at 20 h (Supplementary Table 1 online) .
Although there were no large-scale transcriptional consequences of the loss of BK channels, the levels of individual transcripts could change. To examine this possibility, we calculated the ratio of the expression level in Kcnma1 -/-mice to wild type for each transcript on the microarray (Methods). Specifically, core clock transcripts such as Per1, Per2, Clock and Arntl (also known as Bmal1/MOP3) showed similar expression levels in Kcnma1 -/-mice and wild-type mice at 20 h. Because its expression is in phase with that of BK (ref. 34) , we examined Arntl levels in detail by in situ hybridization. We found no major differences in Arntl expression in the SCNs of Kcnma1 -/-mice versus wild type over the circadian cycle (Fig. 7c,d ). These data show that the degradation of circadian activity in Kcnma1 -/-mice is not caused by gross alteration of Arntl rhythms or transcriptional pathways.
DISCUSSION
In this study, we demonstrated that BK channels are essential for robust circadian rhythmicity. The reduced circadian amplitude of multiple physiological processes suggests an antecedent role for BK channels in circadian pacemaking or in its output. Changes in the function of the central pacemaker may result from an alteration of the time-keeping mechanism or the integration and relay of the time signal output from the SCN. Several lines of evidence support the hypothesis that the primary circadian deficit in Kcnma1 -/-mice is effected through changes in pacemaker output. Kcnma1 -/-mice showed a concomitant reduction of behavioral rhythm amplitude and expansion of the active phase (a), with little change in circadian period. Responses of Kcnma1 -/-mice to light pulses also revealed a potentially meaningful exaggerated phase delay that is typical of pacemaker alterations (FVB/NJ, wild-type range: -0.71 to -2.22 h; Kcnma1 -/-range: 2.11, -4.64 and -5.12 h; C57BL/6J, wild-type range: -1.60 to -2.88 h and Kcnma1 -/-range: -2.12, -3.10 and -3.13 h). Circadian period, amplitude and phase are determined by the pacemaker, and in mammals, the SCN is thought to integrate these features into an overt activity rhythm 35 . Although the period and amplitude of activity rhythms are both essential indicators of the pacemaker state, they can vary independently of one another 35 . The significant decrease in circadian amplitude but relatively modest changes in circadian period in Kcnma1 -/-mice may be interpreted in this context as a requirement for BK channels in particular aspects of pacemaker function, such as output, reflecting an intermediate pacemaker state. In contrast, complete pacemaker dysfunction is manifested as outright arrhythmicity. Thus, behaviorally, Kcnma1 -/-mice exhibit several key characteristics of altered pacemaker output. Notably, Slowpoke flies, which carry a mutation in the Drosophila melanogaster BK channel homolog, have degraded circadian locomotor rhythms, suggesting an evolutionary conservation of function 36 .
The epistatic relationship between the molecular clock mechanism and electrical activity in the pacemaker has been the subject of much debate recently. Mutants in Clock, Csnk1e (tau) and Cry1/2 produce altered SFR rhythms in the SCN (refs. [37] [38] [39] , implying that SCN excitability is simply an output of the pacemaker. Indeed, we showed that BK expression is regulated by Per2. However, it is currently not known how separable the time-keeping and output components of the pacemaker are for the expression of circadian rhythms. Manipulations of action potential rhythms or resting membrane potential, which were formerly considered merely as pacemaker outputs, can change the expression of PER1, PER2, BMAL1 and TIMELESS (refs. 22,40-42) and behavioral rhythms [42] [43] [44] [45] . In these cases, degradation of circadian behavior could be a direct consequence of either disruption of core clock gene expression or clock output (electrical activity). Both of these may be essential features of the pacemaker, as the time-keeping mechanism and conveyance of that consolidated signal are mutually required for normal circadian behavior. In Kcnma1 -/-mice, we did not find marked changes in the period or amplitude of Arntl expression in the SCN, suggesting that the mechanism for circadian pacemaker alteration is not in the core clock gene-controlled time-keeping mechanism, but in the integration or relay of the time output from the SCN. However, we cannot preclude the possibility that there may be finer changes in clock The mechanism of pacemaker output alteration in Kcnma1 -/-mice probably occurs through BK function in the SCN. BK channels are relatively restricted in their hypothalamic expression to the SCN. We showed that BK channels undergo a circadian oscillation in their SCN protein levels in the absence of light and also that Per2 mutants have a shortened expression profile, demonstrating a causative relationship between the intrinsic clock mechanism and the regulation of excitability. BK current amplitude also increases at night in Per1-expressing SCN neurons 46 . The consequence on SCN excitability of BK channel deletion is a disruption of the SFR rhythm. In Kcnma1 -/-mice, SCN neurons have a selective increase in activity at night, correlating with the highest protein levels.
Consistent with our findings in Kcnma1 -/-mice, acute block of BK channels in the SCNs of wild-type mice during the day had no effect on daytime firing rates, even though the afterhyperpolarization was reduced and action potentials were broadened 47 . Other K + channels, including a fast, delayed-rectifier current seem to control SFR during the day 23 . Blocking this current largely abolishes the day-night difference in SFR. In contrast, our recordings indicated that the SFR population average in Kcnma1 -/-mice is still significantly different between day and night (8.6 ± 0.6 versus 6.4 ± 0.3 Hz, respectively, P ¼ 10 À4 ). Microarray analysis did not provide evidence for the upregulation of any other K + channels to compensate for the loss of BK (Methods), consistent with the lack of a compensatory K + current with acute block of BK channels in SCN neurons 46 . Thus there may be multiple mechanisms for controlling the SFR at night. The activation profile of BK channels, which are generally open during action potential repolarization and afterhyperpolarizations, may limit their influence on the SFR. Evidence that other K + channels may also influence the SFR at night comes indirectly from the application of tetraethylammonium (TEA), a general blocker of voltage-gated K + channels. TEA depolarizes the membrane and increases input resistance 24 , and influencing these parameters could affect SFRs. It is likely that these effects would be mediated by K + channels active at resting membrane potentials, not by BK channels.
One critical link yet to be established is how action potential activity in the SCN is translated into downstream behavioral rhythms. In the most extreme cases, the silencing of activity altogether using tetrodotoxin or the expression of a constitutively open K + channel can cause behavioral arrhythmicity in rats and Drosophila 18, 42 . SFR and behavioral rhythms are phase-locked 10 , suggesting that changing the SFR rhythm could perturb circadian activity. Our data demonstrate this crucial link as an alteration in the amplitudes of the SFR and behavioral rhythms. We propose that BK channels are partially responsible for suppressing high frequency firing at night and that this decrease in SFR is necessary for normal pacemaker output. It is likely that further analysis of the role of BK channels in the SCN will yield important clues about electrical activity and the mechanism of its influence on pacemaker function.
METHODS
Mice. Wild-type and Kcnma1 -/-littermates were generated on several backgrounds as noted, genotyped 30 and group-housed on a standard 12:12 h lightdark cycle until experimental measurements. Time 0 h is the beginning of the light cycle, and lights were turned off at 12 h. Mice (41 month old) then either remained on a light-dark cycle or were placed in constant darkness as indicated. Per2 mice 26 (B6.129S7-Per2 tm1Brd /J) were purchased from Jackson Laboratories. For experiments in which tissues were harvested in the dark portion of the circadian cycle (12-24 h) or in constant darkness, procedures were performed in the dark with dim red-light illumination until the optic chiasm was severed during brain dissection. All procedures were conducted in accordance with the animal care guidelines of Stanford and Northwestern Universities.
Western blot analysis, immunohistochemistry and in situ hybridization. A block of hypothalamus containing the SCN (approximately 2 mm Â 2 mm Â 1 mm) was harvested at each time point from mice in light-dark or constant darkness conditions (5 d). Four mg of total soluble protein from individual SCNs was loaded per lane, gels were transferred to nitrocellulose membrane, blocked and incubated with 1:10,000 L6.60 mouse a-BK-channel monoclonal primary antibody 48 . Bands were visualized with 1:1,000 SuperSignal Dura reagent (Pierce) and quantified using the FluorChem 8800 (Alpha Innotech). Boxes of standard size were placed around each band, except in the case of the light-dark blots (in these, two BK-reactive bands were present and so both bands were quantified together) (Fig. 1a) . BK band intensity counts were normalized to a-tubulin (1:10,000 DM1a, Sigma T-9026) as a loading control and are presented as a proportion of the intensity at time ¼ 0 h. Two (Per2) or three (wild-type) replicates from independent tissue harvests were performed in each condition.
For immunohistochemistry, wild-type (n ¼ 4 at 6 h and n ¼ 3 at 20 h) or Kcnma1 -/-(n ¼ 2) brains were harvested from mice on a light-dark cycle at the indicated time points. Brains were coronally cryosectioned at 20 mm, blocked and incubated with 1:500 a-BK rabbit polyclonal antibody (APC-021, Alamone Labs) and 1:100 monoclonal a-neurofilament-200 (NF200, Novocastra Labs). Staining was visualized with 1:1,000 Alexa goat anti-rabbit 594 and anti-mouse 488 secondary antibodies (Molecular Probes) and mounted in Vectashield (Vector Labs).
In situ hybrizidation was performed as described 49 with Arntl antisense oligos (5¢-GGG TTG GTG GCA CCT CTC AAA GTT TTC ATG TGC TGA -3¢). Brains from mice in constant darkness (14 d Locomotor behavior. Wild-type and Kcnma1 -/-littermates were housed individually under indicated light-dark and constant darkness conditions. During constant darkness, cage changes were performed every 1-3 weeks with dim red-light illumination. Data from mice that died were discarded. Home cage activity was recorded by an infrared motion detector placed near the water bottle. Samples were obtained every 10 min using Dataquest A.R.T. software (Data Sciences). Wheel-running activity was measured with Chronobiology Kit software (Stanford Software Systems) 50 .
Temperature measurements. Core body temperature was measured by implanting TA-F20 (Data Sciences) telemetry transmitters into the abdominal cavity of individually housed mice (42 months old). Mice recovered for 1 week on a standard light-dark cycle and were given 0.02 ml Sulfatrim (HiTech Pharmacal) and 4 mg Motrin per ml of drinking water. Mice were placed in constant darkness with nesting squares at an ambient room temperature of 21 1C. T core was sampled every 10 min with Dataquest A.R.T. (Data Sciences).
Behavioral analysis and statistics. Circadian behavior was quantified using ClockLab software (Actimetrics) running in Matlab v6.1 (Mathworks). Actograms were generated from 10-min activity bins, and total activity was determined by averaging daily activity sums in either the light-dark or the constant darkness conditions for the length of time shown in the behavioral records. The length of the circadian period, t, was calculated from locomotor activity in constant darkness, and T core was calculated as the highest w 2 peak 32 . Mice with no w 2 value above a confidence interval of 0.001 were determined to be arrhythmic and were not included in further analysis. Circadian amplitude was calculated as the normalized peak of the relative power spectral density (rPSD) corresponding to the dominant 24-h rhythm (0.040-0.042 cycles per h) from a fast Fourier transform (FFT) of the activity or temperature data 50 . A Blackman-Harris window was applied to locomotor data but not to T core data. We determined re-entrainment values as the difference (in days) between manual regression fits of the activity onset in the initial light-dark cycle and the activity onset in the advanced (+6L) light-dark cycle. Phase shifts were similarly calculated as the number of hours between the onset regression fits before and after a 30-min light pulse delivered 4-h into the mouse's subjective night (circadian time, CT, 16). Due to high variability in activity onset in the constant darkness condition, CT16 was difficult to calculate reliably, and most Kcnma1 -/-mice were not light-pulsed (FVB/NJ: 9 of 12 wild-type and 3 of 12 Kcnma1 -/-;C57BL/6J: 5 of 5 wild-type and 3/5 Kcnma1 -/-; Table 1 ). The parameter a was determined as the length of time a mouse had consolidated activity (inactivity gaps less than 1 h) above its daily mean. For all experiments, group averages are reported ± s.e.m., and statistical significance was determined by two-tailed Student's t-test with unequal variance at P o 0.05.
Electrophysiology. Coronal sections (400-450 mm thick) were cut on a vibratome in 35 1C oxygenated artificial cerebrospinal fluid (ACSF) containing 124 mM NaCl, 1.3 mM MgSO 4 , 26 mM NaHCO 3 , 1.25 mM KH 2 PO 4 , 3.3 mM KCl, 2.4 mM CaCl 2 , 10 mM dextrose and 0.16 mg ml -1 gentamicin (Sigma G-1397) at pH 7.4. Slices were cut from mice maintained on a light-dark cycle at time 1-3 h or 10-20 h to record day and night SFRs, respectively. One or two slices containing the SCN were recovered for 2 h at 35 1C, submerged in oxygenated ACSF, transferred to an interface chamber (BSC2, Scisys), and maintained at 35 1C with constant perfusion for the duration of recording. Borosilicate glass electrodes (5-15 MO) filled with saturated NaCl were used for recording. Single-or multiunit activity was collected with a Dam-80 amplifier (World Precision Instruments) and analyzed in pClamp 9.2 (Axon Instruments). Single units with signal-to-noise ratios 4 2:1 were sorted by amplitude threshold-based statistics.
To verify that SFRs were derived from single neurons, we compared the average extracellular frequencies to SFRs recorded in loose-patch configuration, which allows for the direct measurement of single units. The values were similar overall (in the wild type, loose-patch average SFR was 7.8 ± 0.8 Hz and range was 1.0-21.3 Hz; n ¼ 33 neurons, 2 slices), confirming that the extracellular SFRs reflect single neuron activity.
In some recordings at night (mostly from wild-type slices), single units were hard to isolate from the background noise owing to the fact that fewer neurons were firing. In these cases, single units were determined by manually sorting spikes based on amplitude and waveform in pClamp. Each SFR represents 1.5-5 min of spontaneous activity from one static electrode placement in the SCN. SFRs for mice from each genotype were consolidated into single day or night averages as indicated.
Gene expression microarrays. Blocks of hypothalamus (2 mm Â 2 mm Â 1 mm) from 2-4 mice per genotype (light-dark or constant darkness) were combined for each independent microarray experiment. RNA was prepared by TRIzol (Invitrogen) and chloroform extractions, followed by RNeasy (Qiagen) column purification. First-strand synthesis was performed with 4-10 mg of pooled total RNA with the Genechip One-Cycle Target Labeling and Control Reagent package (Affymetrix), and 10 mg of each wild-type or Kcnma1 -/-cRNA was hybridized to Affymetrix Murine Genome 430 2.0 GeneChips at the Stanford University Microarray Core Facility. Data were normalized using Dchip software with default parameters. Additional details and validation are provided in Supplementary Methods online. Primary microarray data are available at http:// www.medschool.umaryland.edu/physiology/meredith/suppl_table2.xls and http:// www.medschool.umaryland.edu/physiology/meredith/suppl_table3.xls. 
